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Depression 

^^^epression — unipolar depression, clinical depres- 
sion, or major depressive disorder (MDD) — is a severe 
neuropsychiatric disorder that affects 350 million diag- 
nosed patients and their families worldwide. The 
National Institutes of Health (NIH) estimates that 60% 
of people who commit suicide have MDD or another 
mood disorder in the USA. Additionally, the World 
Health Organization (WHO) predicts that by 2030, 
MDD will be the leading cause of global disability. 1 Most 
alarming is the fact that the main strategy of MDD man- 
agement, which is antidepressant medication, shows only 
modest efficacy: 40% of patients do not respond to cur- 
rent treatments and often experience undesirable side 
effects. 2 Moreover, medication response is lengthy, with 
high rates of relapse and treatment resistance. 3 

MDD's underlying molecular mechanisms are still to 
be unraveled. Novel technologies such as omics-based 
platforms may offer new insights into the pathobiologic 
core of MDD, as well as the possibility of discovering 
potential diagnostic, therapeutic, and disease course bio- 
marker candidates. 4 

Proteomics 

Proteomics is the science that emerged from the term 
"proteome," 5 which can be defined as the set of 
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Omics technologies emerged as complementary strategies 
to genomics in the attempt to understand human ill- 
nesses. In general, proteomics technologies emerged ear- 
lier than those of metabolomics for major depressive dis- 
order (MDD) research, but both are driven by the 
identification of proteins and/or metabolites that can 
delineate a comprehensive characterization of MDD's mol- 
ecular mechanisms, as well as lead to the identification of 
biomarker candidates of all types— prognosis, diagnosis, 
treatment, and patient stratification. Also, one can 
explore protein and metabolite interactomes in order to 
pinpoint additional molecules associated with the disease 
that had not been picked up initially. Here, results and 
methodological aspects of MDD research using pro- 
teomics, metabolomics, and protein interactomics are 
reviewed, focusing on human samples. 

© 201 4, AlCH - Servier Research Group Dialogues Clin Neurosci. 201 4;1 6:63-73. 



Copyright © 2014 AlCH - Servier Research Group. All rights reserved 



63 



www.dialogues-cns.org 



Translational research 



Selected abbreviations and acronyms 



2DE two-dimensional gel electrophoresis 

GC gas chromatography 

HPLC high-performance liquid 

chromatography 
iTRAQ isobaric tags for relative and absolute 

quantitation 

LC-MS high-performance liquid chromatography- 

mass spectrometer 
MDD major depressive disorder 

NMR Nuclear magnetic resonance spectroscopy 

PGDS prostaglandin D2 synthase 

PI3K-mTOR phosphatidylinositol 3-kinase and the 

mammalian target of rapamycin 
SDS sodium dodecyl sulfate 

SRM selected reaction monitoring 



expressed protein by a cell, tissue, or organism, in a given 
moment, under a determined condition. Nowadays pro- 
teomics approaches much more than the study of the 
proteome, including the characterization and identifica- 
tion of post-translational modifications, protein-protein 
interaction, protein turnovers, and more. 

Methodologies for proteome investigations 

The identification, and eventually the quantification, of 
a given proteome of interest is the most popular tool in 
the proteomics toolbox. Two-dimensional gel elec- 
trophoresis (2DE) combined with mass spectrometry 
(MS) had been the basis of proteomics since its begin- 
ning. Recently, the combination 2DE-MS has been 
replaced gradually by shotgun proteomics (or shotgun- 
mass spectrometry [shotgun-MS]). Both approaches 
have advantages and disadvantages, and their combina- 
tion seems to be the best strategy. 

Two-dimensional gel electrophoresis combined with mass 
spectrometry 

The principle of 2DE, a methodology developed back in 
the 1970s 6 and further optimized since then, 710 is to sep- 
arate the proteins by two of their physicochemical char- 
acteristics. First, using isoelectrofocusing (IEF), proteins 
are separated according to their isoelectric point (pi) in 
a gel with an immobilized pH gradient. These proteins 
are washed in sodium dodecyl sulfate (SDS) solution 
and then separated according to their apparent molecu- 



lar weight using SDS-polyacrylamide gel electrophore- 
sis (SDS-PAGE). Proteins may be stained after elec- 
trophoresis, or even labeled with fluorescent dyes prior 
to electrophoresis, also known as 2D fluorescence dif- 
ference gel electrophoresis (2D-DIGE). 11 Each sample 
has a proteome defined in a gel. Each gel is filled with 
dots, technically called spots, which can be compared 
across different gels according to their density, calculated 
with the help of computational software according to 
their intensity and volume. Spots of interest can be 
excised from the gels, digested, and identified by MS. 

In the 1990s, the 2DE-MS approach was an attractive 
technique to separate thousands of proteins using rela- 
tively low amounts of samples. Nowadays, shotgun-MS 
techniques, which started to emerge at the end of the 
1990s, 12 require two orders of magnitude less of samples, 
and the material is handled in a more automated man- 
ner. Moreover, some of 2DE's drawbacks, such as the 
potential overlap of proteins in a single spot, as well as 
the resolution of low abundant, hydrophobic, very acidic, 
very basic, very small, and very large proteins, can be 
avoided by shotgun-MS. 

Shotgun-MS 

In shotgun-MS approaches, gels are not needed to sep- 
arate the proteins prior to their identification. The basic 
principle is to digest the whole proteome of interest and 
inject in a system that possesses high-performance liq- 
uid chromatography (HPLC) coupled online to a mass 
spectrometer (LC-MS). Data from shotgun-MS, which 
consists of chromatograms attached to mass spectra, are 
analyzed by complex computational algorithms to recon- 
struct the protein sequences based in the masses of all 
peptides measured and fragmented. This process is 
known as "bottom-up proteomics." MS-based pro- 
teomics have rapidly developed in the past 10 years. 
Nowadays, a single LC-MS experiment is able to reveal 
3000 to 7000 proteins in an hour, which would only be 
doable — if at all — by combining 2DE-MS over some 
weeks of work. 

For proteome quantitation, there are several alter- 
natives that can be taken into consideration 13 for a given 
LC-MS experiment, such as stable isotope labeling in 
vitro (ie, isotope-coded affinity tags [ICAT] 14 and iso- 
baric tags for relative and absolute quantitation 
[iTRAQ] 15 ) or even in vivo (ie, stable isotope labeling 
by/with amino acids in cell culture [SILAC] 16 or stable 
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isotope labeling in mammals [SILAM]), as well as 
diverse label-free approaches." 

Shotgun-MS still presents difficulty in representing 
hydrophobic and low abundant proteins depending on 
the type of sample preparation and MS acquisition. 
Moreover, information of intact proteins is lost by con- 
ventional bottom-up proteomics, which can be repre- 
sented by 2DE, as well as the characterization of certain 
protein post-translational modifications. 

Proteome findings in patients with depression 

Brain tissue and cerebrospinal fluid 

Surprisingly, and unlike other psychiatric disorders such 
as schizophrenia, 1819 only one research group focused 
their efforts on the large-scale proteome investigation of 
postmortem human brains from depressed patients, 
through two articles. Samples from the dorsolateral pre- 
frontal cortex (DLPFC) of 24 patients with MDD were 
compared with 12 controls using a shotgun label-free 
approach. Some of the protein candidates were further 
validated by selected reaction monitoring (SRM). 
Several biological functions were associated with MDD, 
such as energy metabolism, cellular transport, and cell 
communication and signaling. 20 Energy metabolism has 
already been described for a long time as a pattern for 
psychiatric disorders in general, via several different 
techniques. 2123 However, it has been possible to delineate 
exactly which energy metabolism pathways are more 
involved in each disorder, by using proteomics. 
Glycolysis is the main affected pathway in schizophre- 
nia brains, 24 whereas in MDD, oxidative phosphorylation 
is the most affected. Not only have several subunits of 
oxidative phosphorylation complexes been shown to be 
expressed differentially, but adenosine triphosphate 
(ATP) levels were also determined to be lower in 
MDD. 20 Additionally, a proteomic study of a preclinical 
model for anxiety has shown both pathways to be dif- 
ferentially regulated. 25 

Of the 24 MDD samples analyzed in the proteome 
study cited above, 12 presented with psychosis as onet of 
their symptoms (MDD-P), in contrast to the remaining 
12 (MDD-NP). Interestingly, when the factor "psy- 
chosis" was taken into consideration, the proteome dif- 
ferences between MDD-P vs controls, or vs MDD-NP 
revealed similarities in proteins differentially expressed 
in schizophrenia, including glycolysis enzymes, which 



were not present when all MDD patients were com- 
pared with controls. 20 

In the MDD brain, the histidine triad nucleotide- 
binding protein 1 (HINT1) was found to be increased, 
as confirmed by SRM-MS. On the other hand, HINT1 
levels were found to be decreased in schizophrenia in 
the DLPFC. 26 It is important to note that when MDD 
patients were compared separately according to their 
psychotic symptoms, HINT1 was only observed as 
increased in MDD-P subjects. This protein has been 
associated with antidepressant- and anxiolytic-like 
effects, 27 and is thought to play a role in postsynaptic 
dopamine transmission. Additionally, HINT1 has been 
hypothesized to interfere with hypothalamic-pituitary- 
adrenal axis function. 2728 

A second large-scale MS-based investigation of 
MDD brains was a phosphoproteome analysis also in 
the DLPFC. Ninety out of 802 proteins presented dif- 
ferential levels of phosphorylation in MDD compared 
with controls. The great majority of these proteins were 
associated with synaptic transmission, such as two sub- 
units of clathrin and two subunits of spectrin, synapsin, 
and dynamin, in addition to proteins such as actin, 
actinin, and internexin, which are associated with cellu- 
lar architecture. 29 These results align with the MDD pro- 
teomic study, which also shows a dysregulation of synap- 
tic-related proteins, 20 especially those associated with 
soluble NSF attachment receptor (SNARE) function, 
such as synaptosomal-associated protein 25 (SNAP25), 
y-aminobutyric acid receptor-associated protein-like 2 
(GABARAPL2), and syntaxin IB (STX1B). Synapsin I 
(SYN1), which also plays a role in SNARE function, has 
been found to be differentially phosphorylated in MDD 
brains. 

Another two reports from other research groups pre- 
sent proteome investigations of MDD brain, but these 
studies focused on the analyses of schizophrenic brains, 
using MDD and bipolar disorder samples as controls for 
specificity. The proteomes of the frontal cortex (FC) 30 and 
anterior cingulate cortex (ACC) 31 from depressed 
patients have been subjected to 2DE-based proteomic 
analyses, revealing an altered expression of dihydropy- 
rimidinase-like 2 (DPYSL2). DPYSL2, also known as col- 
lapsin response mediator protein 2 (CRMP2), plays a 
range of roles, including participation in the development 
of the central nervous system by regulating axonal guid- 
ance, neuronal growth cone collapse, and cell migration. 32 
Additionally, energy metabolism-related proteins such 



65 



Translational research 



mi iimiiiimi ■■■■ iw 1 1 i m in ib—i 

as carbonic anhydrase (CA2) and aldolase C (ALDOC) 
were found to be altered in both brain regions. 

A study on schizophrenia biomarkers analyzed the 
cerebrospinal fluid (CSF) of 16 MDD patients. 33 These 
were classified as psychotic and nonpsychotic, and ana- 
lyzed separately in order to observe whether the bio- 
markers identified for schizophrenia were specific, or if 
they were associated with acute psychosis. The authors 
concluded that the proteomic signature was specific 
enough to identify schizophrenia, but the number of psy- 
chotic MDD cases was too small. 

Using the traditional proteomic combination of 2DE- 
MS and shotgun-MS, the proteomes of the CSF from 12 
MDD patients and 12 controls were compared in quan- 
tity and phosphorylation levels. 34 Eleven proteins were 
found to be differentially expressed by 2DE, and addi- 
tionally by shotgun-MS. 25 Proteins were involved in neu- 
roprotection, neurodevelopment, and sleep regulation. 
A particular set of proteins involved in energy metabo- 
lism — anti-pigment epithelium derived factor (PEDF), 
apolipoprotein E (ApoE), prostaglandin D2 synthase 
(PGDS), and cystatin C — were chosen to be validated by 
Western blot due to the association of MDD with meta- 
bolic syndrome. Interestingly, PGDS, which was found to 
be downregulated in this study, was observed to be 
upregulated in the CSF of schizophrenia patients. 35 
Differences in phosphorylation levels were observed for 
16 proteins, some of which also had altered expression. 

Blood 

Unlike with preclinical models, 36,37 few efforts have been 
so far invested in identifying proteomic differences in 
the blood of MDD patients in comparison with healthy 
subjects. The blood plasma proteome from 21 first-onset 
drug-naive MDD patients was compared with the same 
number of controls, employing a shotgun proteomics 
platform combined with iTRAQ in a hypothesis-free 
manner. 38 Further validations of protein candidates were 
performed by Western blot and enzyme-linked 
immunoadsorbent assay (ELISA).The modest number 
of 9 proteins were found to be differentially expressed 
in MDD patients, being mostly involved in lipid metab- 
olism and the immune system, which are postulated to 
be involved in the early stages of MDD pathophysiol- 
ogy. 38 The importance of this study is not only to reveal 
potential biomarker candidates, 39 but also in the com- 
prehension of MDD as a systemic disorder. 



Mononuclear cells 

There is a need to improve the understanding of the 
molecular mechanisms triggered by successful antide- 
pressant treatment. With this in mind, a mass spectrom- 
etry-based proteome analysis of blood mononuclear 
cells (MNC) collected from inpatients upon admission 
(TO) and after 6 weeks of psychopharmacological treat- 
ment (T6) was performed. Patients were classified as 
good or poor responders, and their proteomic profiles 
were compared at TO. 

Proteins related to integrin and Ras signaling exhib- 
ited different MNC expression levels at TO. In addition, 
a longitudinal proteomic profiling analysis (T0-T6) to 
investigate the biology involved in the antidepressant 
treatment response showed that the biological processes 
for good and poor responders were similar, but they pre- 
sented different patterns of regulation. These results go 
along with the implementation of new strategies for a 
personalized medicine approaches by predicting which 
patients might respond to a specific antidepressant. 40 

Metabolomics 

One of the first reports mentioning the term 
"metabolomics" came out in the literature around the 
year 2000. 41 ' 42 With a similar proposal to proteomics, this 
technology emerged as a means of understanding bio- 
logical systems and diseases in a large-scale manner, 
through the identification of metabolic substrates and 
products of a given biochemical system. The technique 
of metabolomics may also be of use in the research of 
xenobiotics, drugs, and medications. 

Considering the metabolome as the metabolic state 
of a given physiologic status of a given cell, tissue, or 
organism, metabolomics is not only a complementary 
tool for understanding proteomics data, but also a disci- 
pline that stands on its own, able to reveal biochemical 
pathways involved in biological mechanisms of interest, 
as well as potential biomarkers. 43 

Methodologies 

Sample preparation 

The sample preparation for metabolome analyses is the 
most important part of the study. It depends on the 
classes of metabolites that one wants to study, for exam- 
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pie, general metabolome analyses 44 or more target-ori- 
ented analyses according to the interest of the study in 
detecting hydrophilic 45 or hydrophobic 46 molecules. Also, 
the sample preparation will depend on the type of plat- 
form to be employed, which will be discussed ahead. The 
most important issue during sample preparation, espe- 
cially when a comparative study is performed, is to 
assure that samples are collected using a standardized 
procedure, in order to capture the same metabolomic 
snapshot across all samples to be analyzed. Considering 
the very dynamic nature of the products of metabolism, 
the metabolome status can change significantly and 
rapidly when confronted with any mild environmental 
stimulus; this in itself can actually be an interesting 
aspect to be explored, ie, metabolites' turnover rates. 47 

Nuclear magnetic resonance spectroscopy-based 
metabolomics 

Nuclear magnetic resonance spectroscopy (NMR) con- 
sists of the absorption and re-emission of electromag- 
netic radiation by atomic nuclei in a magnetic field. 
Molecules, here treated as metabolites, may have their 
metabolic fingerprint determined by this process, lead- 
ing to their identification and possibly to their quantifi- 
cation, in a large-scale, nontargeted, and nondestructive 
manner. 48 NMR is applicable to the analyses of biofluids, 
cell extracts, and cell cultures, and requires almost no 
sample preparation. 49 The standard approach for 
metabolomic analysis using patient's samples is using 
proton NMR (1H NMR), although other nuclides, such 
as 2 H, 13 C, 31 R 15 N, and 19 F, may by employed for the gen- 
eration of additional information. 5051 

Mass spectrometry-based metabolomics 

MS-based metabolomics may provide a targeted or large- 
scale metabolome analysis. 52 It has become an indispens- 
able tool in metabolome/metabonome analysis 5354 and is 
generally combined online with three types of prefrac- 
tionation methods: gas chromatography (GC), 55 HPLC, 56 
or capillary electrophoresis (CE). 57 As always in analyt- 
ical chemistry, each separation method has its advantages 
and drawbacks: GC is highly efficient, sensitive, and 
reproducible, but can only be performed with volatile 
compounds or those that can be made volatile. HPLC 
separation may reach a wider range of analytes, even 
though its resolution is poorer. In turn, CE may present 



superior performance regarding separation than HPLC, 
but it is properly applicable to charged analytes. 

The advantage of MS lies in its sensitivity and 
throughput. 58 Fingerprints of metabolites can be deter- 
mined for establishing metabolome libraries, which will 
facilitate the identification of a given metabolite. 

Metabolome findings in samples from patients with 
depression 

Although metabolomics studies in depression are rather 
recent — the first report came out in 2007 studying 
human samples — they have become popular and even 
more used in human samples than proteomics. Several 
metabolomics studies have been performed in preclini- 
cal models of depression. 59 62 

Brain tissue and CSF 

No metabolomic study has been performed in brain tis- 
sue from MDD patients thus far. There is one report 
with CSF analyses. A targeted metabolomic analysis was 
carried out in the CSF of 14 unmedicated MDD 
patients, 14 remitted MDD subjects, and 18 healthy con- 
trols. Tryptophan, tyrosine, purine, and related pathways 
were analyzed, revealing higher levels of methionine, 
and reduced levels of tryptophan and tyrosine in remit- 
ted patients. Additionally, the same group presented 
altered methionine-to-glutathione ratios, suggesting 
alterations in methylation and oxidative stress pathways. 
Unmedicated MDD subjects also showed alterations in 
these same metabolites, but not to a statistical level. 63 

Blood (and urine) 

Blood plasma was collected from 9 elderly MDD 
patients, 11 remitted patients, and 10 mentally healthy 
subjects. After screening over 800 metabolites by GC- 
MS, results suggested that higher concentrations of lipid 
metabolites and neurotransmitters, such as dicarboxylic 
fatty acids, glutamate, and aspartate, are associated with 
MDD. Interestingly, these differences are less prominent 
in treated patients, who presented a metabolomic panel 
more similar to that of control subjects. 64 The panel of 
blood plasma metabolites associated with depression 
changed when a second variable came into play. While 
in the first study, elderly patients were considered, in this 
other study MDD patients with heart failure were com- 
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pared with nondepressed heart failure patients. Here, 
GC-MS and LC-MS metabolomics platforms revealed 
differential concentrations of certain amino acids, such 
as glutamate, aspartate, and cysteine. Moreover, as in the 
study with elderly patients, a dysfunction of fatty acid 
metabolism was observed, suggesting this pathway as 
part of a biosignature of MDD. 65 

Aiming to implement the metabolome of MDD 
patients as means of diagnosis, the plasma metabolomes 
of MDD patients and healthy controls were compared 
using NMR-based metabolomics. The analyses of 58 
first-episode drug-naive depressed patients, compared 
with 42 controls, revealed a panel of metabolites that 
could distinguish these two groups in a second round of 
experiments, using 26 samples in a blind manner. 66 
Similarly, the urine metabolomes of 82 first-episode 
drug-naive MDD patients have been compared with 82 
healthy controls by NMR-based metabolomics, reveal- 
ing differences in concentration of malonate, formate, 
N-methylnicotinamide, m-hydroxyphenylacetate, and 
alanine. In a multivariate analysis, these metabolites 
could separate MDD from healthy controls. This same 
panel of metabolites was then analyzed in a second set 
of samples composed of 44 MDD patients and 52 
healthy controls in a blind manner, achieving a similar 
level of group distinction. 67 These two studies present 
promising findings, especially considering their capac- 
ity to distinguish MDD groups in a blind manner. 
However, urine studies must be performed, keeping in 
mind that future applications of these results demand 
the establishment of standard operating procedures for 
sample collection, due to the large metabolic variation 
in urine composition. 

Considering that a significant number of MDD 
patients do not respond to the current medications, the 
likelihood for a successful response has been evaluated 
using metabolomics. Serum metabolomes from 43 MDD 
patients treated with sertraline were compared before 
the initiation of treatment, with a group of 46 subjects 
receiving a placebo, using liquid chromatography elec- 
trochemical array. The metabolome profiles partially 
separated responders from nonresponders by employ- 
ing multivariate analyses. The metabolites that con- 
tributed the most to the separation of responders from 
nonresponders were phenylalanine, tryptophan, purine, 
and tocopherol. Additionally, dihydroxyphenylacetic 
acid, tocopherols, and serotonin were more relevant to 
the separation of the medication and placebo groups. 68 



In a more extensive study, the metabolome profiles of 
the serum from MDD patients treated with sertraline or 
placebo have been analyzed and quantified by GC-MS 
at three time points: prior to medication, and 1 and 4 
weeks after medication. Sertraline- and placebo-induced 
differences in metabolites were related to tricarboxylic 
acid cycle (TCA), urea cycle, fatty acids and intermedi- 
ates of lipid biosynthesis, amino acids, sugars, and gut- 
derived metabolites, with more pronounced differences 
after 4 weeks. More specifically, sertraline showed effects 
on ATP-binding cassette (ABC) and solute transporters, 
G signaling molecules, and fatty acid metabolism. The 
increasing effect of the drug after 4 weeks of treatment 
is in line with the delayed clinical effect of the medica- 
tion. 69 

Results discussed in this topic go towards transla- 
tional strategies with the potential of future clinical 
implementation. As for most psychiatric disorder stud- 
ies, follow-up of these results is necessary.™ 

Protein interactomics 

The concept of the interactome considered here con- 
cerns the complete set of molecular interactions of a 
given protein in a given cell or other biological environ- 
ment. Hence, all proteins, and eventually metabolites, 
that interact with a given protein of interest, promoting, 
regulating, and inhibiting its activity or expression, is part 
of its interactome. Establishing a protein interactome 
may be informative about the protein function and all 
molecular mechanisms in which it is involved. 
Additionally, the study of protein interactomes in dis- 
eases may reveal dysfunctional pathways, their regula- 
tion, and the possible role that protein partners play in 
the disease. 71 

Methodologies 

Protein interactome studies 72 have been mainly performed 
employing yeast two-hybrid screening (Y2H) 73 and tandem 
affinity purification (TAP). 7475 Coimmunoprecipitation (co- 
IP) has also been used as a reliable method for studying 
protein interactomes. 7677 In addition, there have been efforts 
invested in the establishment of algorithms that can predict 
the network of interactions of a given protein, including its 
3D modeling, which is pivotal not only for the characteri- 
zation of its roles in the cell, but also to reveal potential tar- 
gets for drug discovery and design. 78 80 
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Protein interactome in patients with depression 

The phosphatidylinositol 3-kinase and the mammalian 
target of rapamycin pathway — PI3K-mTOR — plays a 
central role in the therapeutics of MDD through the 
activation of immune cells via inflammatory cytokines. 81 
Thirty-three components of the PI3K-mTOR pathway 
have been targeted for a large-scale interactome analy- 
sis employing Y2H screen. More than 800 interactions 
to the PI3K-mTOR pathway have been identified, 
including 67 new interactions. Further validations sug- 
gest that deformed epidermal autoregulatory factor-1 
(DEAF1) is a substrate for glycogen synthase kinase-3 
(GSK3) A and B, and that this protein might be a ther- 
apeutic target of lithium treatment for MDD. 82 

A systematic network and pathway analysis of MDD 
candidate genes has been constructed, based on a set of 
genes proposed to be associated with MDD in associa- 



tion, linkage, and gene expression studies of humans and 
animals. 83 An overlap of MDD's molecular features with 
schizophrenia has been observed. Moreover, the authors 
proposed neurotransmission- and immune system- 
related pathways as the most representative biological 
processes involved in MDD. Even though these are 
processes previously shown as involved in MDD by 
other fields of study, 84 this in silico interactome study has 
pinpointed the role players in the dysregulation of these 
pathways, which is an important example of the infor- 
mation that omics technologies are able to provide. 85 

Integration of omics technologies 

The overall understanding of a biomolecular system can 
be obtained by the integration of large-scale analyses 
coming from different sources, such as proteomics, 
metabolomics, and protein interactomics. Nowadays, 




Figure 1. Protein network suggested by STRING (Search Tool for the Retrieval of INteracting Genes/proteins) for the differentially expressed proteins 
found in the dorsolateral prefrontal cortex of depression patients according to previous findings in the literature. Abbreviations: ACOT1 3, acyl- 
CoA thioesterase 13; APOE, apolipoprotein E; ATP51, adenosine triphosphate 51; COX4I1, cytochrome c oxidase subunit IV isoform 1; COX5B, 
cytochrome c oxidase subunit Vb; COX7A2, cytochrome c oxidase subunit Vila polypeptide 2; CSTB, cystatin B (stefin B); CST3, cystatin 3; 
CYCS, cytochrome c, somatic; DPYSL2, dihydropyrimidinase-like 2; DPYSL3, dihydropyrimidinase-like 3; HINT1 , histidine triad nucleotide-bind- 
ing protein 1; HRSP12, heat-responsive protein 12; MAP1LC3A, microtubule-associated proteins 1 A/1 B light chain 3A; NDUFA2, NADH dehy- 
drogenase (ubiquinone) 1 alpha subcomplex subunit 2; NDUFA6, NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 6; NDUFA1 3, 
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 13; NDUFS2, NADH dehydrogenase (ubiquinone) Fe-S protein 2; UQCRFS1, 
Ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 1 
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considering the huge datasets that can be generated by 
each one of these analytical chemistry platforms, several 
computational tools and algorithms have been devel- 
oped to integrate these results. As an example, the Web- 
based tool STRING (Search Tool for the Retrieval of 
INteracting Genes/proteins) 86 has been used to analyze 
the differentially expressed proteins found in the 
DLPFC of MDD patients, as described earlier. 20 As can 
be seen in Figure 1, STRING'S algorithm proposes sev- 
eral interactions among these proteins. The greater the 
number of colored lines connecting two proteins, the 
stronger the suggested evidence of their interaction. 

In this case, some connections are evident: for exam- 
ple it is known that the protein subunits of NADH dehy- 
drogenase (ubiquinone) are all part of the complex I of 
the respiratory chain or the proteins COX, which are 
components of cytochrome c oxidase. Other interactions 
may be informative: for example, what is the nature of 
the connection between HINT1, an antidepressant-asso- 
ciated protein, to cytochrome c oxidase? Could this pro- 
tein interfere with the mitochondrial metabolism? 
It is important to note however, that the so called "inter- 
action" may have several different levels of evidence: 
briefly, this interaction can be the result of an experimen- 
tally proven interaction, the two proteins may have been 
mentioned in a given scientific publication, or another 
computational algorithm may have suggested their inter- 
action. Thus, especially in the last scenario, for which there 
is no experimental proof that such interaction really exists, 
this data must be interpreted carefully. Informative tools 
such as STRING, Cytoscape, 87 Ingenuity Pathway 
Analyses (Ingenuity® Systems), and Pathway Studio 
(Ariadne Genomics) have become popular lately, and 
indeed facilitate the understanding of a given molecular 
process. However, the final curator of these results is the 
researcher using it, and this step is a must. Having estab- 
lished a dataset of lines and connections does not mean 
that this represents, per se, a meaningful interactome. 

Some of the tools mentioned above can also deal 
with drug metabolites, and even suggest interactions of 
proteins and metabolites of interest with known drugs. 
These can be informative pieces of evidence to be fur- 
ther investigated in the laboratory, depending on the 
nature of the interaction proposed by the computational 
tool. Here lies the beauty of the large-scale studies: gen- 
erating, with parsimony, new hypotheses to be further 
investigated. Further information on integrative systems 
biology can be found in refs 88 and 89. 



Conclusions and perspectives 

The omics technologies applied to studies of human 
samples as discussed here lead to modest, but new, 
hypotheses. These have helped the understanding of the 
molecular mechanisms of MDD. As discussed above, the 
overall dysfunction of oxidative phosphorylation, which 
contrasts with the pathways noted in schizophrenia, 
together with the differential expression and phospho- 
rylation of a number of synaptic proteins, may warrant 
further investigation regarding these particular targets. 
Data reviewed here must be combined with information 
obtained from preclinical models. 25 ' 3780 95 These have the 
advantage of showing fewer confounding factors than 
human samples. Their limited biomechanical range must 
be noted, since not all features of a complex human dis- 
ease such as MDD can be considered. Omics technolo- 
gies, particularly metabolomics, can also be employed in 
the development of innovative medications, which are 
urgently needed. 96 

With regards to biological markers of depression, the 
findings are still preliminary. 97 In contrast to what was 
expected, the identification of such biomarkers seems 
to be more complex than anticipated. 98 100 An example is 
the recent withdrawal of VeriPsych, which was the only 
commercially available test biomarker for a psychiatric 
condition. The molecular overlap among psychiatric dis- 
orders makes the task of developing diagnostic tools 
very challenging. MDD patients who present with sim- 
ilar symptoms may have completely distinct biochemi- 
cal signatures: some may have become depressed due 
to immune system-related dysfunctions, while others 
may have had their energy metabolism affected. 
Additionally, the different biological factors unrelated 
to the disease, such as cigarette smoking and alcohol 
consumption, must be taken into account carefully. 
Among the most wanted biomarkers are those associ- 
ated with the prediction of a successful drug response. 
MDD treatment is lengthy, and after several weeks, 
about 40% of patients do not respond to current med- 
ications. The formula "one treatment suits them all" 
does not fit. Biomarkers to identify subgroups of 
patients and predict therapeutic response are needed to 
achieve higher successful treatment rates. Hence, the 
identification of treatment biomarkers may enhance 
translational and personalized medicine strategies, 
which in turn can shape the future for an improved 
quality of life of MDD patients. □ 
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Proteomica, metabolomica e interactomica 
proteica en la caracterizacion de los aspectos 
moleculares del trastorno depresivo mayor 



Las tecnologi'as "omicas" aparecieron como estra- 
tegias complementarias a la genomica en el intento 
de comprender las enfermedades humanas. Aunque 
en general las tecnologi'as proteomicas surgieron 
antes que las metabolomicas en la investigacion del 
trastorno depresivo mayor (TDM), ambas estan 
orientadas a la identificacion de protei'nas y/o meta- 
bolites que permita esbozar una completa caracte- 
rizacion de los mecanismos moleculares del TDM, asf 
como tambien llevar a la identificacion de biomar- 
cadores candidatos de todos los tipos: pronostico, 
diagnostico, tratamiento y estratificacion de pacien- 
tes. Tambien se pueden explorar interactomas de 
protei'nas y metabolitos para precisar moleculas adi- 
cionales, asociadas con la enfermedad, que no han 
sido identificadas inicialmente. En este articulo se 
revisan los resultados y aspectos metodologicos de 
la investigacion en el TDM que emplea proteomica, 
metabolomica e interactomica de protei'nas, cen- 
trandose en muestras de humanos. 
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La proteomique, la metabolomique et 
I'interactomique des proteines pour 
caracteriser les aspects moleculaires de 
/'episode depressif caracterise 

Les technologies dites « omiques » sont apparues 
pour completer la genomique a fin de comprendre 
les maladies humaines. D'une faqon generate, les 
technologies proteomiques sont anterieures aux 
metabolomiques dans la recherche sur I'episode 
depressif caracterise (EDC) mats les deux sont fon- 
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tique, diagnostique, therapeutique, et pour la stra- 
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par la proteomique, la metabolomique et I'interac- 
tomique des proteines. 



9. Hubner NC, Ren S, Mann M. Peptide separation with immobilized pi 
strips is an attractive alternative to in-gel protein digestion for proteome 
analysis. Proteomics. 2008;8:4862-4872. 

10. Westermeier R, Postel W, Weser J, Gorg A. High-resolution two-dimen- 
sional electrophoresis with isoelectric focusing in immobilized pH gradients. 

J Biochem Biophys Methods. 1983;8:321-330. 

11. Unlu M, Morgan ME, Minden JS. Difference gel electrophoresis: a sin- 
gle gel method for detecting changes in protein extracts. Electrophoresis. 
1997;18:2071-2077. 

12. Link AJ, Eng J, Schieltz DM, et al. Direct analysis of protein complexes 
using mass spectrometry. Nat Biotechnol. 1999;17:676-682. 

13. Filiou MD, Martins-de-Souza D, Guest PC, Bahn S, Turck CW. To label or 
not to label: applications of quantitative proteomics in neuroscience 
research. Proteomics. 2012;12:736-747. 

14. Gygi SP, Rist B, Gerber SA, Turecek F, Gelb MH, Aebersold R. 
Quantitative analysis of complex protein mixtures using isotope-coded affin- 
ity tags. Nat Biotechnol. 1999;17:994-999. 

15. Ross PL, Huang YN, Marchese JN, et al. Multiplexed protein quantita- 
tion in Saccharomyces cerevisiae using amine-reactive isobaric tagging 
reagents. Mol Cell Proteomics. 2004;3:1154-1169. 

16. Ong SE, Blagoev B, Kratchmarova I, et al. Stable isotope labeling by 
amino acids in cell culture, SILAC, as a simple and accurate approach to 
expression proteomics. Mol Cell Proteomics. 2002;1:376-386. 

17. Martins-de-Souza D, Guest PC, Vanattou-Saifoudine N, Harris LW, Bahn 
S. Proteomic technologies for biomarker studies in psychiatry: advances and 
needs. Int Rev Neurobiol. 201 1;1 01 :65-94. 



71 



Translational research 



18. Martins-de-Souza D, Guest PC, Rahmoune H, Bahn S. Proteomic 
approaches to unravel the complexity of schizophrenia. Exp Rev Proteomics. 
2012;9:97-108. 

19. Oliveira BM, Martins-de-Souza D. Large-scale analyses of schizophre- 
nia proteome. RevPsiq Clin. 2013;40:16-19. 

20. Martins-de-Souza D, Guest PC, Harris LW, et al. Identification of proteomic 
signatures associated with depression and psychotic depression in post-mortem 
brains from major depression patients. Transl Psychiatry. 2012;2:e87. 

21. Kaidanovich-Beilin O, Cha DS, Mclntyre RS. Crosstalk between meta- 
bolic and neuropsychiatric disorders. F1000 Biol Rep. 2012;4:14. 

22. Rezin GT, Amboni G, Zugno Al, Quevedo J, Streck EL. Mitochondrial 
dysfunction and psychiatric disorders. Neurochem Res. 2009;34:1021-1029. 

23. Stanley JA. In vivo magnetic resonance spectroscopy and its application 
to neuropsychiatric disorders. Can J Psychiatry. 2002;47:315-326. 

24. Martins-de-Souza D, Harris LW, Guest PC, Bahn S. The role of energy 
metabolism dysfunction and oxidative stress in schizophrenia revealed by 
proteomics. Antioxid Redox Signal. 201 1 ; 1 5:2067-2079. 

25. Filiou MD, Zhang Y, Teplytska L, et al. Proteomics and metabolomics 
analysis of a trait anxiety mouse model reveals divergent mitochondrial 
pathways. Biol Psychiatry. 2011;70:1074-1082. 

26. Varadarajulu J, Schmitt A, Falkai P, Alsaif M, Turck CW, Martins-de- 
Souza D. Differential expression of HINT1 in schizophrenia brain tissue. Eur 

Arch Psychiatry Clin Neurosci. 2012;262:167-172. 

27. Barbier E, Wang JB. Anti-depressant and anxiolytic like behaviors in 
PKCI/HINT1 knockout mice associated with elevated plasma corticosterone 
level. BMC Neurosci. 2009; 10: 132. 

28. Varadarajulu J, Lebar M, Krishnamoorthy G, et al. Increased anxiety- 
related behaviour in HINT1 knockout mice. Behav Brain Res. 2011;220:305-311. 

29. Martins-de-Souza D, Guest PC, Vanattou-Saifoudine N, Rahmoune H, 
Bahn S. Phosphoproteomic differences in major depressive disorder post- 
mortem brains indicate effects on synaptic function. Eur Arch Psychiatry Clin 
Neurosci. 2012;262:657-666. 

30. Johnston-Wilson NL, Sims CD, Hofmann JP, et al. Disease-specific alter- 
ations in frontal cortex brain proteins in schizophrenia, bipolar disorder, 
and major depressive disorder. The Stanley Neuropathology Consortium. 
Mol Psychiatry. 2000;5:142-149. 

31. Beasley CL, Pennington K, Behan A, Wait R, Dunn MJ, Cotter D. Proteomic 
analysis of the anterior cingulate cortex in the major psychiatric disorders: evi- 
dence for disease-associated changes. Proteomics. 2006;6:3414-3425. 

32. Hensley K, Venkova K, Christov A, Gunning W, Park J. Collapsin 
response mediator protein-2: an emerging pathologic feature and ther- 
apeutic target for neurodisease indications. Mol Neurobiol. 2011;43:180- 
191. 

33. Huang JT, Leweke FM, Oxley D, et al. Disease biomarkers in cere- 
brospinal fluid of patients with first-onset psychosis. PLoS Med. 2006;3:e428. 

34. Ditzen C, Tang N, Jastorff AM, et al. Cerebrospinal fluid biomarkers for 
major depression confirm relevance of associated pathophysiology. 
Neuropsychopharmacology. 2012;37:1013-1025. 

35. Martins-De-Souza D, Wobrock T, Zerr I, et al. Different apolipoprotein 
E, apolipoprotein A1 and prostaglandin-H2 D-isomerase levels in cere- 
brospinal fluid of schizophrenia patients and healthy controls. World J Biol 
Psychiatry. 2010;11:719-728. 

36. Carboni L, Becchi S, Piubelli C, et al. Early-life stress and antidepressants 
modulate peripheral biomarkers in a gene-environment rat model of 
depression. Prog Neuropsychopharmacol Biol Psychiatry. 2010;34:1037-1048. 

37. Zhang Y, Filiou MD, Reckow S, et al. Proteomic and metabolomic pro- 
filing of a trait anxiety mouse model implicate affected pathways. Mol Cell 
Proteomics. 201 1;10:M1 1 1 .0081 10. 

38. Xu HB, Zhang RF, Luo D, et al. Comparative proteomic analysis of 
plasma from major depressive patients: identification of proteins associated 
with lipid metabolism and immunoregulation. Int J Neuropsychopharmacol. 
2012;15:1413-1425. 

39. Martins-de-Souza D. Is the word 'biomarker' being properly used by 
proteomics research in neuroscience? Eur Arch Psychiatry Clin Neurosci. 
2010;260:561-562. 

40. Martins-de-Souza D, Maccarrone G, Ising M, et al. Blood mononuclear 
cell proteome suggests Integrin and Ras signaling as critical pathways for 
antidepressant treatment response. Biol Psychiatry. 2014. In press. 



41. Raamsdonk LM, Teusink B, Broadhurst D, et al. A functional genomics 
strategy that uses metabolome data to reveal the phenotype of silent muta- 
tions. Nat Biotechnol. 2001;19:45-50. 

42. Nicholson JK, Lindon JC, Holmes E. 'Metabonomics': understanding the 
metabolic responses of living systems to pathophysiological stimuli via mul- 
tivariate statistical analysis of biological NMR spectroscopic data. Xenobiotica. 
1999;29:1181-1189. 

43. Kaddurah-Daouk R, Krishnan KR. Metabolomics: a global biochemical 
approach to the study of central nervous system diseases. 
Neuropsychopharmacology. 2009;34:173-186. 

44. Shin MH, Lee do Y, Liu KH, Fiehn O, Kim KH. Evaluation of sampling 
and extraction methodologies for the global metabolic profiling of 
Saccharophagus degradans. Anal Chem. 2010;82:6660-6666. 

45. Cubbon S, Antonio C, Wilson J, Thomas-Oates J. Metabolomic applica- 
tions of HILIC-LC-MS. MassSpectrom Rev. 2010;29:671-684. 

46. Rojo D, Barbas C, Ruperez FJ. LC-MS metabolomics of polar compounds. 
Bioanalysis. 2012;4:1235-1243. 

47. Nemutlu E, Zhang S, Juranic NO, Terzic A, Macura S, Dzeja P. 180- 
assisted dynamic metabolomics for individualized diagnostics and treatment 
of human diseases. Croat Med J. 2012;53:529-534. 

48. Smolinska A, Blanchet L, Buydens LM, Wijmenga SS. NMR and pattern 
recognition methods in metabolomics: from data acquisition to biomarker 
discovery: a review. Anal Chim Acta. 2012;750:82-97. 

49. Reo NV. NMR-based metabolomics. Drug Chem Toxicol. 2002;25:375-382. 

50. Harada K, Fukusaki E, Bamba T, Sato F, Kobayashi A. In vivo 15N-enrich- 
ment of metabolites in suspension cultured cells and its application to 
metabolomics. Biotechnol Prog. 2006;22:1003-1011. 

51. Zamboni N, Sauer U. Novel biological insights through metabolomics 
and 13C-flux analysis. CurrOpin Microbiol. 2009;12:553-558. 

52. Becker S, Kortz L, Helmschrodt C, Thiery J, Ceglarek U. LC-MS-based 
metabolomics in the clinical laboratory. J Chromatogr B Analyt Techno! Biomed 
LifeSci. 2012;883-884:68-75. 

53. Dettmer K, Aronov PA, Hammock BD. Mass spectrometry-based 
metabolomics. Mass Spectrom Rev. 2007;26:51-78. 

54. Milne SB, Mathews TP, Myers DS, Ivanova PT, Brown HA. Sum of the parts: 
mass spectrometry-based metabolomics. Biochemistry. 2013;52:3829-3840. 

55. Garcia A, Barbas C. Gas chromatography-mass spectrometry (GC-MS)- 
based metabolomics. Methods Mol Biol. 201 1 ,708:191 -204. 

56. Zhou B, Xiao JF, Tuli L, Ressom HW. LC-MS-based metabolomics. Mol 
Biosyst. 2012;8:470-481. 

57. Ramautar R, Somsen GW, de Jong GJ. CE-MS for metabolomics: devel- 
opments and applications in the period 2010-2012. Electrophoresis. 
2013;34:86-98. 

58. Lei Z, Huhman DV, Sumner LW. Mass spectrometry strategies in 
metabolomics. J Biol Chem. 201 1;286:25435-25442. 

59. Dai Y, Li Z, Xue L, et al. Metabolomics study on the anti-depression 
effect of xiaoyaosan on rat model of chronic unpredictable mild stress. J 
Ethnopharmacol. 201 0; 1 28:482-489. 

60. Zheng S, Yu M, Lu X, et al. Urinary metabonomic study on biochemical 
changes in chronic unpredictable mild stress model of depression. Clin Chim 
Acta. 2010;411:204-209. 

61. Zhang F, Jia Z, Gao P, et al. Metabonomics study of urine and plasma in 
depression and excess fatigue rats by ultra fast liquid chromatography coupled 
with ion trap-time of flight mass spectrometry. Mol Biosyst. 2010;6:852-861. 

62. Wang X, Zeng C, Lin J, et al. Metabonomics approach to assessing the 
modulatory effects of St John's wort, ginsenosides, and clomipramine in 
experimental depression. J Proteome Res. 2012;11:6223-6230. 

63. Kaddurah-Daouk R, Yuan P, Boyle SH, et al. Cerebrospinal fluid 
metabolome in mood disorders-remission state has a unique metabolic pro- 
file. So Rep. 2012;2:667. 

64. Paige LA, Mitchell MW, Krishnan KR, Kaddurah-Daouk R, Steffens DC. 
A preliminary metabolomic analysis of older adults with and without 
depression. Int J Geriatr Psychiatry. 2007;22:418-423. 

65. Steffens DC, Wei J, Krishnan KR, et al. Metabolomic differences in heart 
failure patients with and without major depression. J Geriatr Psychiatry 
Neurol. 2010;23:138-146. 

66. Zheng P, Gao HC, Li Q, et al. Plasma metabonomics as a novel diagnostic 
approach for major depressive disorder. J Proteome Res. 201 2;1 1:1741-1748. 



72 



'Omics' in major depression - Martins-de-Souza 



Dialogues in Clinical Neuroscience - Vol 16 ■ No. 1 ■ 2014 



67. Zheng P, Wang Y, Chen L, et al. Identification and validation of urinary 
metabolite biomarkers for major depressive disorder. Mol Cell Proteomics. 
2013;12:207-214. 

68. Kaddurah-Daouk R, Boyle SH, Matson W, et al. Pretreatment metabo- 
type as a predictor of response to sertraline or placebo in depressed out- 
patients: a proof of concept. Transl Psychiatry. 201 1;1 .pii:e26. 

69. Kaddurah-Daouk R, Bogdanov MB, Wikoff WR, et al. 
Pharmacometabolomic mapping of early biochemical changes induced by 
sertraline and placebo. Transl Psychiatry. 2013;3:e223. 

70. Martins-de-Souza D. Translational strategies to schizophrenia from a 
proteomic perspective. Transl Neurosci. 2012;3:300-302. 

71. Coulombe B. Mapping the disease protein interactome: toward a mol- 
ecular medicine GPS to accelerate drug and biomarker discovery. J Proteome 
Res. 2011;10:120-125. 

72. Williamson MP, Sutcliffe MJ. Protein-protein interactions. Biochem Soc 
Trans. 2010;38:875-878. 

73. Chen J, Zhou J, Sanders CK, Nolan JP, Cai H. A surface display yeast two- 
hybrid screening system for high-throughput protein interactome mapping. 
Anal Biochem. 2009;390:29-37. 

74. Scifo E, Szwajda A, Debski J, et al. Drafting the CLN3 protein interac- 
tome in SH-SY5Y human neuroblastoma cells: a label-free quantitative pro- 
teomics approach. J Proteome Res. 2013;12:2101-21 1 5. 

75. Van Leene J, Stals H, Eeckhout D, et al. A tandem affinity purification- 
based technology platform to study the cell cycle interactome in Arabidopsis 
thaliana. Mol Cell Proteomics. 2007;6:1226-1238. 

76. Markham K, Bai Y, Schmitt-Ulms G. Co-immunoprecipitations revisited: 
an update on experimental concepts and their implementation for sensi- 
tive interactome investigations of endogenous proteins. Anal Bioanal Chem. 
2007;389:461-473. 

77. Bonf iglio 11, Maccarrone G, Rewerts C, et al. Characterization of the B-Raf 
interactome in mouse hippocampal neuronal cells. J Proteomics. 2011;74:186-198. 

78. Nikolsky Y, Nikolskaya T, Bugrim A. Biological networks and analysis of 
experimental data in drug discovery. Drug Discov Today. 2005;10:653-662. 

79. Stein A, Mosca R, Aloy P. Three-dimensional modeling of protein inter- 
actions and complexes is going 'omics. Curr Opin Struct Biol. 201 1;21:200-208. 

80. Valencia A, Pazos F. Computational methods for the prediction of pro- 
tein interactions. Curr Opin Struct Biol. 2002;12:368-373. 

81. Weichhart T, Saemann MD. The PI3K/Akt/mTOR pathway in innate immune 
cells: emerging therapeutic applications. Ann Rheum Dis. 2008;67 (suppl 3):iii70-74. 

82. Pilot-Storck F, Chopin E, Rual JF, et al. Interactome mapping of the phos- 
phatidylinositol 3-kinase-mammalian target of rapamycin pathway identi- 
fies deformed epidermal autoregulatory factor-1 as a new glycogen syn- 
thase kinase-3 interactor. Mol Cell Proteomics. 2010;9:1578-1593. 

83. Jia P, Kao CF, Kuo PH, Zhao Z. A comprehensive network and pathway 
analysis of candidate genes in major depressive disorder. BMC Syst Biol. 
201 1;5 Suppl 3:S12. 



84. Sperner-Unterweger B, Kohl C, Fuchs D. Immune changes and neuro- 
transmitters: Possible interactions in depression? Prog Neuropsychopharmacol 
Biol Psychiatry. 2014;48:268-276. 

85. Martins-de-Souza D. Proteomics is not only a biomarker discovery tool. 
Proteomics Clin Appl. 2009;3: 1 1 36-1 1 39. 

86. Franceschini A, Szklarczyk D, Frankild S, et al. STRING v9.1: protein-pro- 
tein interaction networks, with increased coverage and integration. Nucleic 
Acids Res. 201 3;41 (Database issue):D808-815. 

87. Smoot ME, Ono K, Ruscheinski J, Wang PL, Ideker T. Cytoscape 2.8: new 
features for data integration and network visualization. Bioinformatics. 
2011;27:431-432. 

88. Schrattenholz A, Groebe K, Soskic V. Systems biology approaches and 
tools for analysis of interactomes and multi-target drugs. Methods Mol Biol. 
2010;662:29-58. 

89. Turck CW, Iris F. Proteome-based pathway modelling of psychiatric dis- 
orders. Pharmacopsychiatry. 201 1;44(suppl 1):S54-61. 

90. Filiou MD, Turck CW, Martins-de-Souza D. Quantitative proteomics 
for investigating psychiatric disorders. Proteomics Clin Appl. 201 1;5:38- 
49. 

91. Gormanns P, Mueller NS, Ditzen C, Wolf S, Holsboer F, Turck CW. 
Phenome-transcriptome correlation unravels anxiety and depression related 
pathways. J Psychiatr Res. 201 1 ;45:973-979. 

92. Yang Y, Yang D, Tang G, et al. Proteomics reveals energy and glu- 
tathione metabolic dysregulation in the prefrontal cortex of a rat model of 
depression. Neuroscience. 2013;247:191-200. 

93. Bisgaard CF, Bak S, Christensen T, Jensen ON, Enghild 11, Wiborg O. 
Vesicular signalling and immune modulation as hedonic fingerprints: pro- 
teomic profiling in the chronic mild stress depression model. J 
Psychopharmacol. 201 2;26: 1 569-1 583. 

94. Xu Z, Hou B, Zhang Y, et al. Antidepressive behaviors induced byen- 
riched environment might be modulated by glucocorticoid levels. Eur 
Neuropsychopharmacol. 2009; 1 9:868-875. 

95. Carboni L. Peripheral biomarkers in animal models of major depressive 
disorder. Dis Markers. 2013;35:8. 

96. Connolly KR, Thase ME. Emerging drugs for major depressive disorder. 
Expert Opin Emerg Drugs. 2012;17:105-126. 

97. Martins-de-Souza D. Biomarkers for psychiatric disorders: where are we 
standing? Dis Markers. 2013;35:1-2. 

98. Domenici E, Wille DR, Tozzi F, et al. Plasma protein biomarkers for 
depression and schizophrenia by multi analyte profiling of case-control col- 
lections. PLoSOne. 2010;5:e9166. 

99. RaedlerTJ, Wiedemann K. CSF-studies in neuropsychiatric disorders. 
A/euro Endocrinol Lett. 2006;27:297-305. 

100. Bahn S, Schwarz E, Harris LW, Martins-de-Souza D, Rahmoune H, Guest 
PC. Biomarker blood tests for diagnosis and management of mental dis- 
orders: focus on schizophrenia. Rev Psiq Clin. 2013;40:7. 



73 



